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Quantum sensors for high energy particle physics

What’s next?

Clocks and clock networks 5.3.1 

Kinetic detectors 5.3.2 

Spin-based sensors 5.3.3 
Superconducting sensors 5.3.3 

Optomechanical sensors 5.3.4 

Atoms/molecules/ions 5.3.5 
Atom interferometry 5.3.5 

Metamaterials, 0/1/2D-materials 5.3.6 
Quantum materials 5.3.6
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Optical clocks with selected HCIs: 10
Prototype nuclear clocks, solid state and trapped ion technologies

-18 accuracy

XUV and soft x-ray frequency combs in 60 eV~400 eV for HCI ; reliable fiber lasers to drive such combs 
Ultralight DM (10-22~10-15 eV) searches via spacetime variation in clock frequencies:  factor 10-100 improvement  

5 - 6 orders improvement over current clock dark matter limits
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Josephson junctions for voltage reference: factor of 10
eEDM result with trapped ultracold molecular systems

Entangled molecules to get to Heisenberg-limited spectroscopy; better candidate molecules

All exotic species can be sympathetically laser cooled: factor 10-100 improvement in precision
Rydberg atoms for GHz-THz axion (mass = μeV~meV) detection, QED tests via precision spectroscopy

macroscopic wave packet QM tests (decoherence, non-linearity)
Clock atom interferometry

Atom interferometry at 1 km scale
Multi-site entangled systems
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Optical cavity constraints on scalar DM
Levitated sensors for high frequency GW and axion searches

Particle DM detectors (e.g. levitated particles in cavity) for TeV~PeV scale DM

100 m scale cryogenic Levitated sensors for high frequency GW and axion searches
Cavity & accelerometer scalar/vector DM searches, squeezed light

10-100x improvement in spin amplifiers & masers
Precessing ferromagnets

Squeezing / entanglement in vapor and NV sensors,  NV sensor ensembles
Large-scale networks of spin-based detectors

Precessing ferromagnets in space missions
Prototype ultra-low energy neutrino scattering detection

Particle DM detectors (mechanical accelerometers) for Planck scale DM

Upgraded magnetic torsion balance:  factor 100 improvement on ultra-low mass axion DM 

Full kinematics of decaying trapped radioisotopes: keV sterile ν

Full kinematics of decaying trapped radioisotopes: keV sterile ν factor 100 improvement

Full kinematics of decaying trapped radioisotopes: keV sterile ν 5-6 orders improvement

Space-based atom interferometry (GW & DM)
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Phase-sensitive upconverters (Squeezing, entangled resonators) 
TES, MKID, CEB ( f < 100 GHz )

Qubits / QND photon counters, entangled cavities( f > 30 GHz)
Superconducting RF cavities: factor 100-1000 improvement on dark photons 

Space-based networked detectors (DM)

Figure 5.3: Prospective time line for selected developments with a range of quantum and
emerging technologies; increases in sensitivity or accessible range are highlighted in red.
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In line with the RECFA R&D roadmap, it makes sense to consider a 
quantum-sensing R&D program that brings together the following 
strands to agree on the most relevant technology developments:

also, but not 
exclusively for HEP!
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Must happen or main physics goals cannot be met Important to meet several physics goals Desirable to enhance physics reach R&D needs being met

Quantum materials
Metamaterials, 0/1/2D-materials
Atom nterfer  i ometry
Atoms/molecules/ions
Optomechanical sensors
Superconducting sensors
Spin-based sensors
Kinetic detectors
Clocks and clock networks
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Section

5.3.3

5.3.6
65.3.

Figure 5.1: Schematic timeline of categories of experiments employing detectors from
the quantum sensing and emerging technology areas discussed in Section 5.3. A wide
range of related topics are grouped under a common heading (e.g. tests of fundamental
interactions also includes measurement of neutrino properties). The colour coding is
linked not to the intensity of the required e↵ort but to the potential impact on the
intended physics programme and experiments. Must happen or main physics goals
cannot be met (red, largest dot); Important or required to meet several physics goals
(orange, large dot); Desirable to enhance physics reach (yellow, medium dot); R&D
needs being met (green, small dot); Not applicable or fundamentally new approaches
needed (blank).

tween the large energy scale, f , whose inverse sets the overall size of the feeble cou-
plings of the axion to the Standard Model (SM) and the particle mass m

a

' 6meV
(109GeV/f' 1.5THz) [Ch5-4]. Axion-like-particles (ALPs), a generalisation of the QCD
axion, have interactions again parametrically set by 1/f , but now the ALP mass is a
free parameter. The theoretical attractiveness of the QCD axion and ALPs is enhanced
both by their natural, symmetry-protected light mass, and their ubiquitous presence in
realistic completions of the SM and gravity, especially string theory [Ch5-5], [Ch5-6].
The details of their couplings and the relation between 1/f and their mass provides
information on extremely high energy scales, potentially including Planck-scale physics.
Importantly, both provide attractive DM candidates with natural early-universe produc-
tion mechanisms [Ch5-7], [Ch5-8], [Ch5-9], [Ch5-10].

Massive spin-1 “dark photons” (ultra-light dark Z 0), A0µ, are another attractive
DM candidate with motivated production mechanisms [Ch5-11], [Ch5-12], [Ch5-13],
as well as couplings to the SM, particularly kinetic mixing ✏F

µ⌫

F 0µ⌫ with the pho-
ton [Ch5-14], [Ch5-15], [Ch5-16], [Ch5-17]. Here ✏ ⌧ 1 is sensitive to physics even at
the highest energy scales. Similarly to axions, vector bosons, either broken (massive) or

https://cds.cern.ch/record/2784893

quantum sensing & particle physics
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RDq Collaboration and Platforms
• RDq collaboration anchored at CERN 

with spokesperson, CB, Int. Adv. Board;
• RDq has 6 sensor-family specific R&D 

platforms (RDq1 .. RDq6) each with 
their own coordinator, coordination 
board and project evaluation board; 

• RDqi can and should be hosted in 
different national labs or research 
institutions world-wide, to reflect the 
strengths and interests of the hosting 
entity

• Attempt to have theoretical physicists 
involved in each platform 

RDq

metamaterials,

0-, 1-, 2-D materials

atoms, molecules,

ions, interferometry

optomechanical sensors

superconducting,

spin-based sensors

Kinetic detectors

clocks, clock

networks

RDq1 RDq2 RDq3 RDq4 RDq5 RDq6

Building on this proposed structure, next steps are: 
• Contact family of experts in quantum technologies that was involved in the ECFA roadmap to: 
• Brainstorm around possible (HEP) applications; 
• Discuss potential convenors for the RDqi and host institutions; 
• Identify projects (WPs) for the various platforms 
• Start building communities of experts around the RDqi’s; 
• Prepare for April meeting (3.4~6.4 @ CERN & ZOOM among convenors)

✓
✓
✓
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DRDC

follows progress of platforms;
follows DRDC approved projects;

verifies that focus of projects 
is along lines of roadmap

reports to DRDC;
informs about new ECFA-

relevant developments
(RDq spokesperson)

initial phaseECFA
EDP

15.3.2023 ...

platform collaborators

EDP representative ?

representatives of 
the hosting entities

1

2

3

4

5

6

metamaterials,

0-, 1-, 2-D materials

atoms, molecules,

ions, interferometry

optomechanical 

sensors
superconducting,

spin-based sensors

kinetic

detectors

clocks, clock 

networks DRD5 
collaboration 
spokesperson

submits proposal based on
~12 initial WP’s to DRDC;

(RDq spokesperson)

projects 
proposed by 
collaborators

evaluates DRD5 proposal1

2

> 1.1.2024

new RDq projects 
internally evaluated

1.7.2023

~12 projects 
selected for 

proposal / LOI

1.1.2023 ...

interested
parties 

approached by 
platform 

convenors

3.4 - 6.4 , 2023 ...

proto-collaboration 
discussions & proposal 

preparation

“WP RDqi”

ECFA Detector Panel Detector R&D Committee

follows developments through involvement in:
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DRDC

follows progress of platforms;
follows DRDC approved projects;

verifies that focus of projects 
is along lines of roadmap

reports to DRDC;
informs about new ECFA-

relevant developments
(RDq spokesperson)

reportingECFA
EDP

platform collaborators

int. advisory committee ?

representatives of 
the hosting entities

1

2

3

4

5

6

metamaterials,

0-, 1-, 2-D materials

atoms, molecules,

ions, interferometry

optomechanical 

sensors
superconducting,

spin-based sensors

kinetic

detectors

clocks, clock 

networks DRD5 
collaboration 
spokesperson

projects 
proposed by 
collaborators

> 1.1.2024

new RDq projects 
internally evaluated

funding
agencies

grant requests for 
DRDC-

approved
proposal projects

grant requests for 
RDq-vetted

proposal projects

funding
agencies

project evaluation board 
discussions & proposal 

evaluations for new RDq projects
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Santander, 3.11.2022

interested
parties 

identified /
approached 
by platform 
convenors

2.2023 ff

projects 
proposed by 
interested

parties
(initial main 

focus on HEP)

LOI based on a nb of initial 
projects subm. to DRDC
(by RDq spokesperson)

proposal based on 1-2 
initial projects per sensor 

family subm. to DRDC
(by RDq spokesperson)

platform convenors
identified

1.1.20247.2023

workshop to 
brainstorm / 
discuss the
proposed 

projects and 
select the 

initially most 
promising 

ones

10.2023

conference to 
discuss & fine-

tune the
proposed 

projects and 
to explore 

further ideas

4.2023

formal 
constitution of 
DRD5 / “RDq”  
collaboration

preparation 
of proposal

containing the 
“DRDC” 
projects, 

(as well as 
indicating 
additional

“non-DRDC”
projects)

preparation
 of LOI

timeline

draft 25/1/23 M. Doser36/36

“town-hall meeting”

call for wide participation in RDqi
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CERN

DESY

FermiLab

ORNL U. Tokyo / KEK

IISc / TIFR

possible platform hosting entities  

possible ECFA TF5 family platforms (6 families) = organizational responsibility for a given family

Friday 10 March 23



draft 2/2/23 M. Doser

CERN/SPC/1155/Rev.2  3 
CERN/3566/Rev.2 
 

 

More details of the main deliverables and the related timeline are given in document 

CERN/SPC/1161/RA – CERN/3588/RA. A mid-term review of the Feasibility Study by the 

Council is expected to take place in 2023.  

 
CERN’s resources for the Feasibility Study were included in the 2020 Medium-Term Plan and 

amount to some 100 MCHF over the period 2021-2025; the activities described in this 

document are covered by these resources.  

 

III. PROPOSED ORGANISATIONAL STRUCTURE 
 
CERN will host the Feasibility Study, which will be carried out in collaboration with 

institutions in the Member and Associate Member States and beyond, under the overall 

authority and strategic guidance of the Council.  
 
The proposed organisational structure builds on the effective structure of the first phase of the 

FCC Study1, while being adapted to the new phase as needed. It aims to ensure: 

1) ownership of the Feasibility Study by the Council, which is responsible for strategic 

decisions related to the Study; 
2) effective and timely supervision of the Study; 

3) integration of scientific and technical advice; 

                                                 

1 

https://fcc.web.cern.ch/Documents/Organisation/FCC-1409051000-JGU_GovernanceStructure_V0200.pdf 

structure of RDq

DRDC

RDq

platform 
RDq1

platform 
RDq2

platform 
RDq3

platform 
RDq4

platform 
RDq5

platform 
RDq6

project 
RDq1-1

project 
RDq1-2

project 
RDq1-m
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RDq1-1
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